Abstract The aim of this work was to replace sodium hypochlorite (NaClO) with hydrogen peroxide (H 2 O 2 ) in chemical scrubbing towers, in order to avoid the formation of chlorinated species, harmful for human health. Some previous studies have already shown the ability of H 2 O 2 to treat the hydrogen sulfide (H 2 S) pollution. However, an important decomposition of the oxidant was observed in the scrubbing solution (carbonates, transition metal and high pH are responsible for this decomposition) leading to high reactant consumption. Consequently, this study first focused on research into a compound able to reduce the hydrogen peroxide degradation. Experiments were conducted on a pilot unit (3,000 m 3 h -1 ) in a wastewater treatment plant. The sodium silicate (Na 2 SiO 3 ) proved to be a good scrubbing solution stabilizer. A very good removal of hydrogen sulfide (up to 98%) was also obtained. Finally, the study resulted in the determination of the best operating conditions to achieve both an efficient and economical process.
Introduction
Wastewater treatment plants are responsible for odor emissions, emissions which are very unpleasant for the neighboring population. Because industrial estates are close to residential areas, odor treatment has become essential. Several technologies are available to remove odorous pollutants from air (thermal oxidation, activated carbon adsorption, chemical or biological absorption, etc.), but chemical scrubbing in packed towers remains one of the most used and effective process in the case of wastewater treatment plants. Conventional processes are performed in a two-or three-stage scrubber in order to remove successively the nitrogenous and sulfurous compounds. The scrubbing solutions employed are an acid solution in the first stage and an alkaline hypochlorite sodium solution in the second and third stages. This process works well, but leads unfortunately to the formation of chlorinated by-products which are both odorous and harmful for health. In order to avoid this secondary pollution, this study takes an interest in the use of hydrogen peroxide (H 2 O 2 ) as oxidant in scrubbing towers. Due to its ability to oxidize odorous pollutants without generating harmful oxidation by-products (Féliers et al., 2001) , H 2 O 2 seems to be a good substitute for NaClO. Some previous studies have already shown its efficiency to treat the hydrogen sulfide pollution (Lannan and Gaudes, 1997) . Unfortunately, a low methylmercaptan removal and an important hydrogen peroxide decomposition rate in the scrubbing solution (which leads to high reactant consumption) were also observed.
In fact, H 2 O 2 is well known to show high decomposition levels in basic aqueous solution. The parameters promoting this decomposition are basic pH, high temperatures, and transition metal and carbonate ions in solution (Spalek et al., 1982; Galbacs and Csany, 1983; Colodette et al., 1988) . Unfortunately, most of these parameters are combined during a basic oxidant scrubbing: a basic pH in order to enhance the acid pollutant transfer; a high carbonate concentration due to carbon dioxide absorption; some traces of transition metal coming from various parameters (dust, water, chemical reactants, etc.) ; sometimes, a high temperature, depending on the working conditions. Therefore, the first aim of this work was to stabilize the hydrogen peroxide scrubbing solution. Several studies have been carried out on this subject in pulp industries (these factories commonly use H 2 O 2 in their bleaching processes) and the abilities of many compounds to reduce the hydrogen peroxide decomposition without inhibiting its reactivity have been tested (Kutney, 1985; Colodette et al., 1989a,b) . Among these compounds, sodium silicate (Na 2 SiO 3 ) proved to be one of the most efficient. Consequently, it was chosen for the experiments.
The removal of hydrogen sulfide (H 2 S) and methylmercaptan (CH 3 SH) from air have been studied during the experiments. Indeed, these two compounds are the main pollutants present in the wastewater treatment plant atmosphere. Their absorption in hydrogen peroxide solutions can be described by the following reactions:
At the gas-liquid interface:
In the liquid phase:
According to the Eqs (1) and (2), absorption appears limited by the solubility of the pollutants in the liquid phase (Henry's constants for H 2 S and CH 3 SH are respectively 9.83 and 3.69 atm L mol -1 at 292 K). However, acido-basic and oxidizing reactions (3-6) occurring in the liquid favor the mass transfer by displacing the equilibria (1-4) towards non-volatile species. In fact, the reactions (3) and (4) directly increase the mass transfer by promoting the dissociation of the pollutants into HS -and CH 3 S -. Then, the reactions (5) and (6) oxidize the pollutants into SO 4 2-and CH 3 SO 3 H. The mechanism reduces the H 2 S and CH 3 SH accumulation in the liquid phase. As a consequence, the removal by the H 2 O 2 oxidizing alkaline scrubbing becomes conceivable, despite the low solubility of the pollutants.
Material and methods

Experimental set-up
The pilot unit designed for the study is shown in Figure 1 . The major components of the setup are a scrubbing column, a liquid circulation loop and an automatic regulation system of pH and hydrogen peroxide concentration. The specifications of the scrubbing column are as follows: diameter, 0.8 m; packing depth, 1.5 m; tank volume, 0.23 m 3 ; and mist eliminator height, 0.2 m. Two types of packing have been investigated: a Pall ring packing (diameter, 0.051 m; interfacial area, 132 m 2 m -3 ) and a structured packing (Sulzer P312; interfacial area, 242 m 2 m -3 ). Most of the experiments have been carried out for a gas flow rate (Q G ) of 3,000 m 3 h -1 and a liquid flow rate (Q L ) of 9 m 3 h -1 (that is to say, a liquid to gas ratio (L/G) of 2.3 kg kg -1 ). In these conditions, the contact time between the gas and the liquid (T C ) was equal to 1 s, and the liquid residence time in the tank was 1 min 32 s. In order to allow the oxidation of the pollutants in the tank, the hydrogen peroxide concentration was chosen equal to 5 g L -1 . An automatic semi-continuous Polymetron analyzer (Zellweger analytics), based on H 2 O 2 potentiometric titration by potassium permanganate, was used to control this concentration every eight minutes. As regards the pH, continuous measurements were done with a pH controller. Several pH values ranging from nine to 11 have been tested during the study. The reactants added to the scrubbing solution were a 35 wt/wt % hydrogen peroxide and a 33 wt/wt % sodium hydroxide solution. In such working conditions, the pH was controlled within 0.3 pH unit from the setpoint, and the H 2 O 2 concentration within 0.3 g L -1 . Finally, the inlet gas was taken upstream of the plant's deodorization unit.
Gas analyses
Hydrogen sulfide and methylmercaptan concentrations in the gas phase were measured by gas chromatogaphy (MEDOR) with a specific electrochemical detector based on a chromic acid solution. Working conditions were as follows: column, 0.75 m × 2.0 mm packed with Celite 22; N 2 carrier gas, 2 mL min -1 ; injection and detection temperature, 20°C; injection volume, 1 mL. The detection limits were 0.05 mg m -3 for H 2 S and 0.01 mg m -3 for CH 3 SH.
Results and discussion
Inlet sulfur compound concentrations Figure 2 shows the daily average concentrations in hydrogen sulfide and methylmercaptan measured in the pilot inlet. Because experiments have been carried out from the beginning of spring to the end of summer, inlet concentrations have increased throughout the study with the outside temperature. As a result, average concentrations from 4 to 35 mg m -3 of hydrogen sulfide and from 3 to 14 mg m -3 of methylmercaptan have been observed. In comparison to concentrations usually encountered in wastewater treatment plants, these values are rather high (Bonnin, 1991) . This can be partly explained by the fact that the gaseous effluent comes directly from the sewage treatment processes. Actually, the wastewater Evolution of inlet concentrations in the pilot unit during the study treatment plant, where the experiments were carried out, is equipped with two units of deodorization: one of them receives the gaseous effluent from water pretreatment operations, while the other receives the gaseous effluent from sewage treatments. Consequently, the gaseous effluent coming from sewage was not diluted by the other effluents and the inlet concentrations on the pilot-unit were high.
Sulfur compound removal pH effect. Sulfurous compound removal versus scrubbing pH is plotted in Figure 3 . Results show that a higher pH enhances the H 2 S and CH 3 SH removal. This is explained by the acid function of H 2 S and CH 3 SH: scrubbing with an alkaline solution promotes the dissociation of H 2 S into HS -and CH 3 SH into CH 3 S -, which results in the increase of the pollutants apparent solubility and in the acceleration of the mass transfer between the gas and the liquid phases. However, H 2 S and CH 3 SH removals for a given pH are very different: while the H 2 S removal exceeds 97%, only 45% of the CH 3 SH are removed in the best operating conditions. The pK difference between the two compounds partially explains this result: the pK H 2 S are 7 and 11.9, whereas pK CH 3 SH is 9.8. According to these values, the pH of the scrubbing solution has to reach a value of nine to allow more than 90% of the H 2 S dissociation, but a value of 11 in the case of CH 3 SH. As a result, H 2 S is easier to remove by alkaline scrubbing than CH 3 SH.
Packing effect. As regards the packing effect on sulfurous compound removal, the results reported in Table 1 show that both types of packing display very small differences. The removal with structured Sulzer packing seems to be a little higher than the one with Pall rings, but, due to the measurement uncertainties and the variation in inlet concentrations, it is difficult to conclude on a real improvement. 9.0-9.5 Structured 8.4 ± 5.3 93 ± 2 3.8 ± 1.2 22 ± 7 Dumped 24.6 ± 5.5 89 ± 3 8.2 ± 0.8 17 ± 5 9.5-10.0 Structured 17.8 ± 5.1 97 ± 1 6.8 ± 1.4 23 ± 6 Dumped 31.6 ± 3.9 97 ± 1 8.0 ± 1.3 19 ± 5 10.0-10.5 Structured 14.9 ± 2.9 99 ± 1 6.3 ± 1.0 29 ± 3 Dumped 26.8 ± 3.0 99 ± 1 9.2 ± 2.2 26 ± 4 10.5-11.0 Structured 3.4 ± 2.8 99 ± 2 3.4 ± 2.2 45 ± 10 Dumped 30.3 ± 3.7 99 ± 1 14.9 ± 4.7 36 ± 10
As regards the pressure drop (Figure 4) , the use of structured packing leads to lower values than those observed with the dumped packing. Because similar performances with less pressure drop are obtained, the structured packing appeared to be more attractive. Consequently, this packing was used for the following experiments.
Effect of hydrodynamic operating conditions. In order to determine whether the scrubbing hydrodynamic conditions used in the previous experiments are responsible or not responsible for the low efficiency of methylmercaptan removal, experiments with other L/G ratios and gas flow rates have been carried out. Table 2 sums up the results obtained with the structured packing for a pH between 9.0 and 9.5. Whereas an increase of the L/G ratio and the contact time on the packing was expected to slightly improve pollutant removal, no real trend was observed.
Comparison with the sodium hypochlorite process. In order to compare hydrogen peroxide and sodium hypochlorite processes, experiments were carried out using the pilot unit with a NaClO scrubbing solution. Operating conditions were chosen close to the ones used in real deodorization units ([NaClO] = 0.5 g L -1 , pH = 10.5-11.0). The results on pollutant removal are presented in Table 3 .
The sodium hypochlorite process is much more efficient at removing the CH 3 SH pollution than the hydrogen peroxide one (97% of the removal was obtained with NaClO against 45% with H 2 O 2 ). This difference can be explained by the fact that the oxidation by sodium hypochlorite leads to a mass-transfer acceleration, while the oxidation by hydrogen peroxide does not. In fact, only chemical reactions promoting compound transfer from the gas Table 2 Effect of hydrodynamic scrubbing conditions on H 2 S and CH 3 SH removal (pH = 9-9.5, [H 2 O 2 ] = 5 g L -1 , structured packing)
3,000 9 2.3 0.9 8.4 ± 5.3 93 ± 2 3.8 ± 1.2 22 ± 7 3,000 12 3.1 0.9 18.8 ± 2.3 94 ± 2 7.4 ± 0.9 20 ± 8 1,500 6 3.1 1.8 29.6 ± 1.8 91 ± 3 10.6 ± 0.7 10 ± 2 1,500 12 6.2 1.8 25.1 ± 1.7 96 ± 1 8.3 ± 0.7 28 ± 4 Table 3 Scrubbing with sodium hypochlorite ([NaClO] = 0.5 g L -1 , pH = 10.5-11.0, L/G = 2.3, Q G = 3,000 m 3 h -1 )
Dumped 6.1 ± 1.3 99 ± 1.6 6.3 ± 1.3 97 ± 2.5 Structured 3.7 ± 1.6 99 ± 0.7 3.4 ± 1.2 99 ± 1.8
phase to the liquid phase (that is to say the non-dissociated forms of pollutants H 2 S and CH 3 SH) can improve the mass transfer (Whitman, 1923) . Because H 2 O 2 only reacts with the dissociated form of the pollutants, HS -and CH 3 S -(Eqs (5) and (6)), no mass-transfer acceleration due to the oxidation reactions can be expected. As a consequence, the mass transfer is in this case mainly controlled by the pollutant dissociation, which explains why H 2 S is better removed than CH 3 SH. On the other hand, sodium hypochlorite reacts with the non-dissociated forms according to the reactions (7) and (8). This leads to an additional mass-transfer acceleration and favors the pollutant elimination.
H 2 S + 4 NaClO → SO 4 2-+ 4 Cl -+ 4 Na + + 2 H +
CH 3 SH + 3 NaClO → CH 3 SO 3 H + 3 Cl -+ 3 Na + (8)
Hydrogen peroxide consumption
According to Eqs (5) and (6), the theoretical H 2 O 2 consumption is 4 moles per mole of H 2 S and 3 moles per mole of CH 3 SH, that is to say, a maximal consumption of 4 moles per mole of absorbed sulfurous compounds. However, due to the hydrogen peroxide decomposition, the real H 2 O 2 consumption of the pilot unit is largely higher than the one described by the oxidation reactions. Figure 5 shows the excess consumption measured on the pilot as a function of pH and silicate concentration. The calculation of this excess consumption was done by removing the theoretical consumption of 4 moles per mole of absorbed sulfurous compounds from the total consumption:
where [S] is the total average concentration of sulfurous compounds (mol m -3 ) R is the average removal efficiency (%) Q G is the gas flow rate (m 3 h -1 )
As expected, a high excess consumption was observed in the absence of a stabilizing agent. When the sodium silicate (Na 2 SiO 3 ) was added to the scrubbing solution, the H 2 O 2 consumption decreased significantly. The minimum of consumption was obtained for a sodium silicate concentration of 2.1 g L -1 when pH was between 9 and 10, and a concentration of 4.2 g L -1 when pH was higher than 10. In these conditions, the consumption did not reach the theoretical consumption of 4 moles of H 2 O 2 per mole of sulfurous compounds, but remained quite acceptable. Unfortunately, sodium silicate polymerization was observed during experiments when Na 2 SiO 3 concentrations reached 4.2 g L -1 (this phenomenon is mentioned in the literature when concentrations are higher than 10.5 g L -1 (Colodette et al., 1988) ). As a consequence, a maximal concentration of 2.1 g L -1 was chosen in the scrubbing solution for the final application of the process.
Scrubbing with hydrogen peroxide: continuous experiments
To complete this study, the H 2 O 2 process has been tested for three days without interruption. A 10 L h -1 continuous blowdown was carried out in order to regenerate the scrubbing solution every 24 hours. According to the previous experiments, the concentration of the stabilizing agent was chosen equal to 2.1 g L -1 . Inlet and outlet concentrations were followed during the day by chromatography. The results are plotted in Figure 6 . As expected, the CH 3 SH removal was low, while H 2 S was almost totally eliminated. Note that the removal efficiency did not decrease during the three days of manipulation. This means that the use of hydrogen peroxide allows regeneration of the scrubbing solution and that no pollutant accumulation occurs in the solution. In conclusion, the process can be continuously and successfully used for H 2 S removal.
Conclusions
In conclusion, hydrogen peroxide scrubbing is an efficient process for removing H 2 S pollution. Whatever the packing and the scrubbing pH used during the experiments, the removal always exceeded 90%. Nevertheless, it was necessary to work with a scrubbing pH greater than 10 in order to obtain the best results (deodorization on wastewater treatment plants often requires more than 99% removal to respect odor thresholds in outlet gas). As regards CH 3 SH, the efficiency was not so good, and 45% was the best elimination rate during the study. The reduction of the H 2 O 2 decomposition was successfully obtained by the addition of sodium silicate in the scrubbing solution. A concentration of 2.1 g L -1 was finally chosen in order to avoid the sodium silicate polymerization in the column. In these working conditions, continuous scrubbing was performed successfully on the pilot-unit. As a result, the best operating conditions to obtain an efficient and economical process for H 2 S removal are now known. 
